A new computer science (CS) curriculum is being implemented in Israeli high schools which includes all the basic elements of traditional CS programs. At its core are algorithms, algorithmic thinking and the efficiency of algorithms. Since this program deals with the efficiency of algorithms for the first time in the framework of a high school curriculum, it was crucial for its further implementation to determine how students conceive of this notion, and whether they have misconceptions. This paper describes a study that reveals misconceptions in perceiving the efficiency of algorithms. We discuss the results, provide some indication of the roots of these misconceptions, suggest ways to prevent them, and recommend further research.
Introduction
A new computer science (CS) curriculum has been designed and is now being implemented in Israeli high schools [Gal-Ezer, Beeri, Harel & Yehudai, 1995] . While there has been considerable activity regarding CS curricula on the college and university levels over the years, on the high school level development has been somewhat slower, due in part to the lack of adequate separation between CS and computer literacy or computer applications. The new curriculum currently being implemented is in a sense a break-through since it combines conceptual and practical computing issues in a zipper-like fashion, with an emphasis on the basics of algorithmics, and introducing, for the first time, notions of algorithmic correctness and efficiency. These notions are considered advanced issues and therefore had not been included in previous high school CS curricula. Even in many university programs, they were usually introduced only in the data structures course. Thus, it was important to design a study to examine whether the curriculum suits high school students and to suggest ways to revise the materials if necessary according to the outcomes of the research. We considered that exposing misconceptions, an issue which has been explored in relation to mathematics and science education [Eylon & Lynn, 1988; Fischbein, 1987; Hart, 1981 ; Osborne & Freyberg, 1985; Perkins & Simmons, 1988; Stavy & Tirosh, 1996a, b] , was crucial to the examination of the curriculum.
Initial observations of the implementation of the program, interviews with teachers and students, and examination of students' achievements, confirmed our assumption that efficiency is a difficult issue to conceive, and as a result, many misconceptions relate to it.
The comprehensive study reported here was carried out in 1999 to find out whether the notion of efficiency is misconceived. We did not aim to reveal the source of the misconceptions, nor did we systematically examine ways to prevent them. We will, however, provide some assumptions and clues regarding reasons for the misconceptions, and some ideas on how to prevent them, but these need to be further investigated.
In contrast to mathematics and science education, or to studies that relate to misconceptions in programming languages, no misconceptions in theoretical computer science education have yet been described. This is mainly because most educational research in this area relates to K-12, and less to academic studies, and this topic has not to date been taught in high schools. Thus the importance of this research lies in examining the issue for the first time.
Background
Algorithmic thinking is a special and powerful way of thinking which lies at the heart of computer science and represents the "spirit of computing" [Harel, 1992] . Efficiency is defined in terms of computation time or memory space. Time efficiency (what we concentrated on here) is measured by the number of elementary actions carried out when executing an algorithm. The notion of efficiency is deeply rooted in the theory of computational complexity, one of the three complexities with which computer scientists try to cope [Harel, 1992] . Concepts like big-O, decidability and undecidability, and questions like P=NP? relate to this, and are known to be difficult to reason and difficult to teach and learn.
Thus, misconceptions -the incorrect perception of a concept -are common phenomena.
For the past 25 years or so, scholars have studied students' misconceptions regarding mathematics and science. Studies have shown that students' conceptions of scientific issues are often not in line with accepted scientific thinking; that is, they have misconceptions regarding various notions [Eylon & Lynn, 1988; Fischbein, 1987 They identified three different intuitive rules: 'the more A, the more B'; 'everything can be divided by two' and 'same A, same B'. Students consider these rules to be self-evident, and apply them with great confidence. By creating logical environmental relations, they appear to enable students to understand a given situation to a certain extent without having a real understanding of the concept. in the 11th grade, in which case only students who elect to take CS study the material. We will not expand on the reasons for this situation, but it is important to bear in mind that as a result, the 10th graders described in this study are not necessarily science-oriented, while the 11th graders probably are.
The Study

Research hypotheses
Our assumption was that students' intuitive perception of the concept of algorithms' efficiency is not compatible with the definition of efficiency in computer science. We assumed that students perceptions were the following:
• a shorter program (in terms of number of lines) is more efficient
• two programs containing the same statements are equally efficient (even if the order of the statements is different)
• the fewer variables there are, the more efficient the program
Research population
The study was carried out during the 1999 school year, among 10th and 11th graders in five high schools where the new CS curriculum was being implemented. The participants were:
• 174 students in the 10th grade after they had studied seven chapters of the first unit -CS Fundamentals 1, including repeated execution and before studying the chapter on efficiency
• 141 of the same students at the end of the 10th grade, after completing the first unit • 145 students in the 11th grade, after completing Fundamentals 1 and 2
Research instruments
The research instrument was a questionnaire with 14 multiple-choice questions which dealt with various aspects of the concept of efficiency. Each question left room to explain the choice of response.
The 10th graders responded to the questionnaire before studying the chapter devoted to efficiency (pre-test) and again after completing the entire unit, CS Fundamentals 1 (post-test).
The 11th graders responded to the questionnaire after completing both Fundamentals units.
We will analyze three questions relevant to the misconceptions we encountered.
Item analysis was used to enable us to differentiate among students' responses. The key indicator of an item's value is its discrimination index. We used point-biserial correlation (r pbi ) as an index of item discrimination. An item with 0.3 < r pbi < 0.6 was considered to be a good discriminator for differentiating between advanced and weak students [McNemar, 1955; Linn, 1989 ]. In addition, we used McNemar's test of significance of changes, which is particularly applicable to pre/post designs [McNemar, 1955 , Linn, 1989 . We used the test to examine the significance of changes between the first administration of the questionnaire and the second for 10th grade students.
Results
The findings confirmed our assumption that students indeed have misconceptions regarding the notion of efficiency. As expected, students relate the efficiency of an algorithm to its length. However, we were surprised and disappointed to see that students thought that if two programs accomplish the same task they are equally efficient, and that students incorrectly assumed that if the algorithm uses fewer variables, it is more efficient. We also found evidence of other misconceptions regarding efficiency on which we will not elaborate here, such as the misconception that a program is more efficient if its maintenance is simple, or if it contains more procedures, and the like. Here we will concentrate on the more basic Program 2 is shorter than program 1. An analysis of the findings reveals that only 19.44% of the 10th graders gave the correct answer without having learned about efficiency (r pbi = 0.267). At the end of the 10th grade, some improvement is observed but still only 27.5% of the students gave the correct answer (r pbi = 0.416). More than half (55%) of the 11th grade students gave the correct answer at the end of the year (r pbi = 0.366) (see Figure 1 ). Of the 10th grade students who answered correctly, few gave the correct explanation.
This indicates that even when they answered correctly, it is likely that they did not fully understand the concept.
It is interesting to examine the explanations given. Figure 2 shows that in the pre-test, 75% of the students thought that program 2 was more efficient and 55% explained that program 2 was shorter. In the post-test, 69.2% of the students thought program 2 was more efficient and 56.7% gave the same explanation. At the end of the 11th grade, the situation was better: only 40.6% of the students thought that program 2 was more efficient and only 34.3% explained this in terms of the length of the program. Here some learning has taken place (see Figure 2 ). A. Program 1 is more efficient than Program 2.
B. Program 2 is more efficient than Program 1.
C. Program 1 and Program 2 are equally efficient.
Program 1 Program 2
program prints (input, output); var n, sum, number, i : integer; begin sum := 0; readln (n); for i := 1 to n do begin readln (number); sum := sum + number; end; sum := sum * 100; writeln (sum); end.
program prints (input, output); var n, sum, number, i : integer; begin sum := 0; readln (n); for i := 1 to n do begin readln (number); number := number* 100; sum := sum + number; end; writeln (sum); end. At the beginning of the 10th grade, before studying the material related to efficiency, students seem to have followed the notion of 'same A, same B' (same number of statements, same statements, same length). After studying the efficiency chapter in the 10th grade there was some improvement. In the 11th grade, many students chose the correct answer, and gave the correct explanation (see Figure 4) . program printrange (input, output); var num, x, y : integer; begin readln (x, y); read (num); while num <> 0 do begin if (num > x + y) and (num < x * y) then writeln (num); read (num); end; end.
program printrange (input, output); var num, x, y, low, high : integer; begin readln (x, y); low := x + y; high := x * y; read (num); while num <> 0 do begin if (num > low) and (num < high) then writeln (num); read (num); end; end.
An analysis of the findings shows that only 16.5% of the 10th graders gave the correct answer in the pre-test (r pbi = 0.391), while at the end of the 10th grade, 25% of the students gave the correct answer (r pbi = 0.453). Surprisingly, even at the end of the 11th grade, only 36.4% of the students gave the correct answer (r pbi = 0.520) (see Figure 5 ). Less than half of the 10th graders who gave the correct answer in the pre-test also gave the correct explanation, indicating that the number of students who misunderstood the concept may be even greater.
We also found that in the pre-test, of the 55.9% of the 10th grade students who answered that program 1 was more efficient, 18.6% thought it was more efficient because it contained fewer variables, and 26.9% of the students thought it was more efficient because it was shorter. Both explanations fit the intuitive rule 'more of A, more of B' (see Figure 6 ).
We were disappointed to discover that at the end of the 10th grade, the percentage of students who answered that program 1 was more efficient increased slightly (56.7%). 12.5%
of the students replied that program 1 was more efficient because it contained fewer variables, and 30% said that it was more efficient because it was shorter. At the end of the 11th grade, there were fewer misconceptions: only 39.2% of the students gave the wrong answer. Of these, 35% explained that program 1 was more efficient because it contained fewer variables, and only 1.4% explained that it was more efficient because it was shorter. The second intuitive rule was manifested here as well. In the 10th grade, 10.3% of the students responded on the pre-test that two programs that perform the same task are equally efficient ('same A, same B'). The same response was given by 5% of the students at the end of the 10th grade course, and by 10.5% of the students at the end of the 11th grade.
As mentioned earlier, according to McNemar's test to identify significant changes between the two administrations of the questionnaire, one major finding was that no significant learning relating to these misconceptions occurred in the 10th grade.
Discussion
The importance of our study was in uncovering misconceptions regarding the efficiency of algorithms, which is a basic notion in the theory and practice of computer science. Two of the misconceptions we encountered were that a shorter program is more efficient, and the more variables a program includes, the greater the execution time. One assumption regarding the source of these misconceptions is that the students follow the intuitive rule 'more of A, more of B'. The other two misconceptions we encountered were that two programs containing the same statements (but in a different order) are equally efficient, and two programs that perform the same task are equally efficient. These two misconceptions seem to be in line with the intuitive rule 'same A, same B'.
One possible explanation of the source of the misconception 'the more variables, the more execution time', is that students had incorrect conceptions regarding computers and how they operate. This may be because the students did not learn about computer organization before studying Fundamentals 1 and 2. We suggest developing a short unit on computer organization to be taught before the two Fundamentals units, and then reexamining students' perceptions of the notion of efficiency.
Another factor that may have effected our findings is the fact that in the 10th grade, students who are not at all science-oriented study this material because it is mandatory. While we believe that it is important to introduce the notion of efficiency gradually early in the course of CS studies, it may not be useful in the 10th grade, at least not to the extent that it is currently taught. This needs to be investigated more carefully and may lead to the conclusion that this material should be taught only in the 11th grade. We recommend such a study.
One important point to which we have not related is differences among teachers. We found that there were significant differences in the performance of students of different It is important to find ways to prevent or correct misconceptions in teaching CS. One method may be indirect intervention which has been found to be effective in helping students to better understand complex terminology. Indeed, in a separate study, interviews with students were conducted to determine whether indirect intervention had an effect even in the limited time of an interview, and we found a significant effect on outstanding students (Private report in Hebrew). We recommend integrating such intervention into the written materials, or at least drawing teachers' attention to the need for it and recommending that they implement it in their teaching.
To conclude, based on our research, we recommend developing a small unit on computer organization to be taught before Fundamentals 1, and to conduct a further study in order to determine whether this affects how students conceive of the concept of efficiency. In parallel, the materials can be revised to integrate indirect intervention and the effect of this element on misconceptions should be investigated. In addition, animation can be incorporated into the materials [Kann, Lindeman & Heller,1997] . In general, further research into the conception of theoretical computer science notions by high school students is highly recommended.
